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ABSTRACT 

[Secret] 

The  present  455-nautical-mile  unambiguous  slant  range 
of  the  Madre  radar  facility  may  be  extended  to  1365  nautical 
miles  without  the  degradation  of  available  doppler  spread 
and  range  resolution  which  results  from  decreasing  the  pulse 
repetition  rate.  A  cyclical  stepping  of  the  transmitted  fre¬ 
quency  spectrum,  consisting  of  two  sidebands  symmetrically 
displaced  about  a  common  suppressed  carrier,  is  used  to 
preserve  coherence  of  the  velocity  information  conveyed  by 
echoes  of  the  three  different  frequencies. 


PROBLEM  STATUS 

This  is  an  interim  report  on  one  phase  of  the  problem; 
work  is  continuing  on  this  and  other  phases. 
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A  SYSTEM  FOR  THE  EXTENSION  OF  UNAMBIGUOUS  RADAR  RANGE 
WITHOUT  DEGRADATION  OF  VELOCITY  INFORMATION 
[  Unclassified  Title] 


INTRODUCTION 

Most  early  efforts  to  improve  the  range-rate  resolution  of  moving-target-indicating 
radar  systems  relied  upon  the  use  of  extremely  narrow  filters  to  resolve  doppler  fre¬ 
quencies  in  real  time.  In  order  to  cover  all  of  the  doppler  frequencies  of  interest,  at  the 
ranges  of  importance  to  even  conventional  line-of-si^t  radars,  a  large  number  of  such 
filters  were  necessary.  Page  (1)  suggested  a  means  of  overcoming  the  difficulties  asso¬ 
ciated  with  a  large  number  of  filters  by  utilizing  a  rotating  magnetic  drum  upon  which  to 
store  received  information.  This  suggestion  is  based  on  the  use  of  the  pulse-doppler 
principle,  in  which  samples  of  coherent  echo  pulses,  stored  on  a  rotating  magnetic  drum, 
are  read  sequentially  off  the  drum  and  analyzed  by  a  single  scanning  filter. 

The  Radar  Techniques  Branch  of  the  Naval  Research  Laboratory,  as  a  part  of  its 
long-term  investigative  program  on  radar  signal  processing  methods,  has  developed  a 
radar  system  employing  the  concepts  embodied  in  Page’s  suggestion  (2).  The  Madre 
radar  was  conceived  as  a  long-range  detection  system  whose  original  purpose  was  to 
explore  the  possibilities  of  early  acquisition  and  tracking  of  fast-moving  aircraft  targets. 

In  order  to  be  effective  at  ranges  beyond  the  geometric  horizon,  Madre  operates  in 
the  frequency  band  between  10  and  30  megacycles  and  utilizes  ionospheric  refraction  to 
extend  its  range  to  over-the-horizon  distances.  A  crosscorrelation  technique,  based  on 
the  pulse-doppler  principle  as  mentioned  above,  helps  to  achieve  the  receiving -and- 
analysis  system  sensitivity  necessary  to  exploit  the  low-amplitude  echoes  expected  from 
targets  beyond  the  horizon.  In  addition,  rejection  filters  in  the  receiving  system  are 
matched  to  the  usual  backscatter  returns,  which  otherwise  would  saturate  the  receivers 
and  overwhelm  the  comparatively  weak  target  returns. 

It  was  postulated  early  in  the  development  of  the  Madre  system  that  such  a  radar 
would  also  be  sensitive  to  echoes  from  launch-phase  guided  missiles  of  over-the-horizon 
origin,  and  so  the  problem  of  acquiring  missile  trajectory  parameters  with  the  intention 
of  predicting  impact  points  and/or  intercept  trajectories  was  included  in  the  Madre  pro¬ 
gram.  It  was  also  foreseen  that  the  use  of  ionospheric  refraction  would  make  a  high- 
frequency  radar  sensitive  to  iono.spheric  disturbances  of  the  type  generated  by  high- 
altitude  nuclear  explosions. 


BACKGROUND 

Die  existing  Madre  system  utilizes  a  recording  scheme  which  allows  the  impression 
of  sampled  echo  pulses  in  23  range  intervals  upon  a  magnetic  drum,  providing  storage  for 
information  received  during  20  seconds  of  receiver  operation  (3600  pulses  at  the  designed 
180  pps  repetition  rate).  Drum  storage  is  continuously  modified  liy  the  replacement  during 
each  interpulse  period  of  the  oldest  Information  stored  upon  it,  and  hence  there  is  avail¬ 
able  a  continuous  display  of  20  seconds  of  integrated  echo  amplitude.  (In  practice,  the 
velocity -range  presentation  is  renewed  each  two -and -one -half  seconds.) 
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Operating  at  the  design  pulse  repetition  rate  (180  pps)  and  with  the  23-gate  range 
storage  implemented  in  the  existent  magnetic  drum,  the  Madre  radar  provides  a  presen¬ 
tation  of  a  maximum  unambiguous  range  of  455  nautical  miles  and  range  resolution  of 
20  nautical  miles.  At  its  upper  frequency  limit,  26.6  Me,  the  Madre  system  presents  a 
maximum  unambiguous  radial  target  velocity  of  1015  knots,  and  velocity  resolution  of 
0.6  knots.  At  the  Madre  radar’s  lower  limit  in  frequency,  13.0  Me,  the  maximum  unam¬ 
biguous  target  velocity  presented  is  increased  to  2070  knots. 

At  an  early  stage  in  the  development  of  the  Madre  system,  it  was  suggested  that  an 
ionospheric  radar  could  be  built  which  would  be  capable  of  detecting  aircraft  targets  at 
ranges  of  1500  to  2000  nautical  miles  (2).  The  completion  of  a  high-power  transmitter 
(4.5-Mw  peak  power,  100-kw  average  power)  and  associated  high-gain  antenna  array 
(26  db  over  an  isotropic  radiator  at  the  26.6-Mc  upper  frequency  limit)  for  Madre  in 
Autumn,  1961,  provided  the  opportunity  to  make  use  of  target  echoes  from  extreme  ranges, 
and  aircraft  have  been  tracked  to  date  at  distances  as  great  as  1800  nautical  miles  (3). 
Missile  launches  from  the  Pacific  Missile  Range  (PMR),  approximately  2200  nautical 
miles  from  the  Madre  installation,  also  have  been  observed  with  some  success  (4)  in 
spite  of  the  necessity  of  using  a  lower  gain  antenna  (16  db  over  an  isotropic  radiator)  in 
the  direction  of  PMR. 

The  use  of  the  Madre  research  system  to  study  targets  at  2000-nautical-mile  ranges 
presents  an  obvious  range  ambiguity  problem:  echo  information  from  several  455-nautical 
mile  intervals  is  superimposed  upon  the  display.  It  is  usually  possible  to  ascertain  the 
actual  number  and  location  of  range  intervals  represented  on  the  display  by  study  of  the 
backscatter  ranges  observed  under  a  temporarily  reduced  repetition  rate.  Backscatter, 
however,  typically  extends  over  a  span  of  more  than  the  455-nautical-mile  unambiguous 
range  and  frequently  extends  into  three  range  intervals.  The  existence  of  second-hop 
(and  often  third-hop)  backscatter  imposes  an  additional  uncertainty  upon  the  range  origin 
of  displayed  information.  Hence  the  Madre  display  generally  presents  superimposed 
target  information  from  many  range  intervals.  The  range  ambiguity  may  be  significantly 
reduced  by  halving  the  pulse  repetition  rate  (PRR)  and  doubling  the  pulse  width, 
but  with  the  attendant  disadvantage  that  the  available  doppler  spread  is  halved  and  the 
system  thus  becomes  sensitive  unambiguously  to  a  maximum  radial  velocity  of  only  508 
knots.  Secondly,  due  to  doubling  the  width  of  the  transmitted  pulse,  the  range  resolution 
is  seriously  degraded. 

An  equally  troublesome  source  of  difficulty  in  the  Madre  research  system  is  the 
presence  on  the  display  of  returns  from  targets  not  actually  beyond  line -of -sight  detectioi 
Targets  such  as  locally-operating  aircraft  and  meteor  ionization  patches,  frequently 
included  in  the  information  presented  on  the  Madre  display,  contribute  seriously  to  the 
confusion.  In  Fig.  1  is  shown  a  series  of  photographs  of  the  Madre  display  made  during 
the  launch  phase  of  a  Mercury-Atlas  orbital  flight  from  Cape  Canaveral  (AMR  Test  No. 
1254,  Sept.  9,  1961).  Elapsed  time  after  liftoff  is  indicated  in  seconds  in  the  upper  right 
corner  of  each  frame.  Velocity  is  presented  on  the  vertical  axis,  and  slant  range  appears 
on  the  horizontal  axis.  The  computed  missile  slant-range  and  velocity,  determined  from 
postflight  trajectory  information,  may  be  seen  in  frames  (f)  through  (o)  as  a  dotted  cross 
in  each  frame. 

As  may  be  seen  in  all  of  the  frames  illustrated,  the  Madre  display  is  continuously 
cluttered  with  an  abundance  of  targets.  The  missile  echo,  which  appears  as  an  extensive 
smear  in  frames  (i)  through  (m),  actually  makes  its  initiail  appearance  in  frame  (g).  In 
frames  (g)  and  (h),  however  ,  the  missile  return  is  effectively  obscured  on  the  display  by 
meteor  echoes  and  local  aircraft  returns.  Examples  of  the  former  (designated  m)  are 
most  clearly  evident  in  frames  (f)  and  (i),  and  examples  of  the  latter  (designated  a)  in 
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Fig.  1  -  Series  of  Madre  display  photographs  made  during  launch 
of  Mercury- Atlas  (AMR  No.  12S4,  Sept,  9,  1961) 


frame  (b),  persisting  through  frame  (o).  Due  to  a  determination  on  the  part  of  operating 
personnel  not  to  permit  an  expected  weak  missile  echo  to  escape  detection,  record,  play¬ 
back,  and  display  levels  were  set  to  excessive  sensitivity.  Hence,  the  local  aircraft  tar¬ 
gets  illustrated  are  accompanied  by  their  harmonics  (similar  vertically  displaced  traces), 
and  the  missile  echo  is  of  such  strength  as  to  saturate  the  magnetic  drum,  resulting  in 
the  large  smear  in  frames  (j)  through  (m)  and  an  attendant  disappearance  of  clutter. 

A  possible  means  of  eliminating  range  ambiguity  without  the  requirement  of  a  reduc¬ 
tion  in  PRR  involves  altering  the  transmitted  frequency  between  pulses  and  sorting  the 
echoes  into  separate  receiving  systems.  A  facility  is  provided  with  the  original  Madre 
research  system  to  accomplish  a  cyclical,  three -frequency  stepping  of  transmitted  fre¬ 
quency,  thus  extending  the  unambiguous  range  by  a  factor  of  three,  to  1365  nautical  miles. 
However,  the  frequency  difference  required  to  permit  separation  of  the  returns  into  three 
independent  received  channels  imparts  an  incoherence  to  the  doppler  information  carried 
by  echoes  of  the  three  different  frequencies.  That  is,  the  three  echoes  actually  bear 
slightly  different  doppler  shifts,  due  to  the  doppler  frequencies’  dependence  upon  their 
slightly  different  transmitted  frequencies,  and  hence,  when  combined  on  the  drum,  the 
three  echoes  add  as  sine  waves  of  different  arguments.  Because  each  of  the  three  echoes 
actually  carries  doppler  information  which  is  independent  of  the  other  two  returns,  the 
facility  merely  furnishes  data  from  three  separate  radar  signals,  each  at  one-third  <:he 
PRR.  The  available  unambiguous  doppler  spread,  then,  is  effectively  divided  by  three. 
Further,  for  a  three-step  cycle,  the  signal -to-noise  ratio  may  be  degraded  by  a  factor  of 
as  much  as  three  compared  to  the  alternative  choice  of  reducing  the  PRR  by  a  factor  of 
three. 
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In  order  to  avoid  the  threefold  loss  in  available  doppler  spread  and  the  additional 
penalty  in  signal -to -noise  ratio  imposed  by  shifting  among  three  different  frequencies, 
a  means  is  necessary  to  provide  coherence  between  all  of  the  transmitted  pulses.  A 
method  for  accomplishing  the  desired  coherence -preserving  frequency  shift  had  been 
devised  several  years  earlier,  but  it  appeared  infeasible  to  apply  the  scheme  to  moving 
target  indication  in  the  microwave  radar  systems  of  concern  at  the  time,  and  hence  the 
proposal  was  not  developed  fully.  The  method  is  to  step  in  frequency,  symmetrically 
about  a  common  suppressed  carrier,  such  that  doppler  information  corresponding  to  the 
carrier  itself  may  be  derived  from  each  pair  of  stepped  sideband  echoes.  A  more  detailed 
development  of  the  method  may  be  found  in  Appendix  A. 


SYSTEM  DESCRIPTION 

A  cyclical  sequence  of  three  symmetrically  displaced  sidebands,  differing  by  10  kc 
each,  was  chosen  to  implement  the  desired  reduction  in  range  ambiguity.  The  choice  of 
three  frequencies  permits  acquisition  of  unambiguous  range  information  for  a  1365- 
nautical-mile  interval  and,  hence,  provides  for  the  typical  spread  of  backscatter  ranges. 

In  addition,  the  display  clutter  due  to  near-range  targets  is  repeated  in  the  1365-  to  1820- 
nautical-mile  interval,  thus  leaving  uncluttered  the  9 10 -nautical -mile  interval  in  which 
the  Pacific  Missile  Range  appears,  and  also  the  2000-nautical-mile  extreme  of  range  at 
which  it  is  expected  that  the  range  limit  for  detection  of  aircraft  by  the  present  Madre 
system  is  reached.  Figure  2  illustrates  the  geographical  coverage  provided  under  normal 
ionospheric  conditions  by  a  multiple-receiver  system  utilizing  a  three-step  sequence  of 
transmitted  frequencies.  The  shaded  areas  indicate  cluttered  regions  whose  target  returns 
detected  by  the  receiver,  include  echoes  from  local  aircraft  and  meteor  ionization  patches. 
The  two  uncluttered  regions  are  divided  into  two  455 -nautical -mile  intervals,  each  interval 
corresponding  to  the  normal  range-sensitivity  interval  of  one  of  the  remaining  two  separatt 
receiving  systems.  The  10-kc  frequency  difference  chosen  between  each  of  the  three 
transmitted  frequencies  provides  adequate  separation  for  receiver  discrimination  of 
returned  signals  and  yet  does  not  impose  rigorous  bandwidth  requirements  upon  receiver 
i-f  stages. 

Figures  3  and  6  illustrate  the  frequency-stepping  exciter  and  receiver  systems, 
respectively.  In  Fig.  3  it  may  be  seen  that  all  local  oscillator  frequencies,  with  the  excep¬ 
tion  of  the  final  variable -frequency  oscillator  (VFO)  signal,  are  derived  from  a  single 
100-kc  source.  By  using  a  common  reference  fur  all  local  oscillator  frequencies,  the 
coherence  of  the  sidebands  is  preserved  during  operations  in  which  they  are  processed 
separately.  Crystal  oscillators  operating  at  frequencies  of  510,  520,  and  530  kc  provide 
the  sources  from  which  the  three  double -sideband  signals  are  derived.  The  stepping 
sequences  are  formed  in  three  sequential  modulators,  each  of  which  is  provided  with  the 
three  frequencies  and  a  three -channel  pulse  sequence  which  gates  the  three  frequencies 
in  the  proper  order.  Figure  4  is  an  illustration  of  this  point.  The  PRR  is  used  as  a  ref¬ 
erence  by  the  sequence  generator,  which  forms  a  repetitive  sequence  of  three  gating 
pulses  in  separate  channels.  The  three  gating  waveforms  thus  formed,  along  with  the  thre' 
source  signals,  are  provided  to  the  sequential  modulators,  which  construct  the  three  dif¬ 
ferent  frequency  sequences. 

One  of  the  three  frequency  sequences  is  fed  to  a  pair  of  mixers,  which  creates  the 
symmetrically  displaced  sidebands  by  combination  with  the  2.0  and  3.0-Mc  references. 
Figure  5  illustrates  this  point. 


♦Provision  for  an  alternate  two-step  or  four- step  cycle  would  permit  coverage  of  the 
shaded  areas  in  Fig.  2  when  desired. 
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Fig.  2  -  Azimuthal  equidistant  projection  centered  about  Washington, 
D.  C.,  showing  (shaded)  the  regions  in  which  targets  are  obscured  on 
the  frequency- stepped  Madre  display  by  returns  from  local  aircraft 
and  meteor  ionization  patches  (made  from  U.  S.  Navy  Hydrographic 
Office  Chart  No.  670  5) 
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Fig.  3  -  Block  diagram  of  Madre  frequency-stepped  exciter  system 
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Fig.  4  -  Operation  of  the  sequential 
modulator  as  it  accepts  and  properly 
sequences  the  three  source  frequencies 
for  use  in  the  Madre  output 


Fig.  5  -  The  mixing  operation  which 
converts  one  of  the  three  different 
frequency  sequences  into  the  sym¬ 
metrically  displaced  sidebands 


2  OMC 


3  0  MC 


SECRET 


SECRET 


NAVAL  RESEARCH  LABORATORY 


7 


If  the  output  from  one  of  the  sequential  modulators,  point  A  in  Fig.  5,  is  described  by 
(fl,  fj.  fj)  =  (510  kc,  520  kc,  530  kc), 
then  the  mixer  outputs  are 

atBj;  (2.510  Me,  2.520  Me.  2.S30  Me) 

and 

at  Bji  (2.490  Me,  2.480  Me,  2.470  Me) 

accompained,  in  each  expression,  with  the  sidebands  created  in  the  pulsing  process.  The 
postmixing  signal  at  C  is 

(2.5  Me  i  10  ke.  2.5  Me  ±  20  ke,  2.5  Me  ±  30  kc) 

which,  after  a  final  frequency  translation,  composes  the  desired  sequence  of  symmetri¬ 
cally  displaced  sidebands  about  a  common  suppressed  carrier. 

All  three  sequential  modulator  outputs  are  provided  (after  a  further  frequency  trans¬ 
lation  of  100  kc)  to  the  three  receivers,  where  they  are  subsequently  utilized  in  a  third 
receiver  mixing  process  to  translate  the  received  signals  to  100  kc,  at  which  frequency 
level  they  may  be  introduced  into  the  Madre  analysis  system.  Each  receiver  thus  pro¬ 
vides  information  corresponding  to  a  different  455 -nautical -mile  range.  The  output  of 
mixer  C  in  Fig.  3,  being  in  the  same  sequence  as  the  signal  provided  to  the  transmitter, 
will  cause  receiver  C  to  furnish  information  from  the  first  range  interval.  Mixer  A, 
whose  sequence  is  delayed  by  one  pulse  period  from  that  fed  to  the  transmitter,  will 
cause  receiver  A  to  be  sensitive  to  echoes  received  from  the  second  range  interval. 
Similarly,  receiver  B  will  yield  information  corresponding  to  targets  within  the  third 
range  interval. 

The  block  diagram  of  a  representative  receiver  is  given  in  Fig.  6.  The  first  two 
mixing  operations  are  the  exact  inverse  of  the  last  two  exciter  mixing  operations.  The 
third  mixing  operation  translates  the  sequential  echo  frequencies  to  the  100-kc  level 
necessary  for  use  in  the  Madre  research  analysis  system. 


Fig.  6  -  Block  diagram  of  Madre  frequency- stepped  receiver  system 
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SYSTEM  STATUS 

At  the  present  time,  the  design,  construction,  and  initial  testing  of  the  individual  com¬ 
ponents  has  been  completed.  Evaluation  of  the  entire  system  is  awaiting  the  procurement 
of  a  filter  (now  on  order  from  a  commercial  concern)  necessary  to  achieve  the  desired 
sideband  structure  described  in  Appendix  A. 

A  proposal  has  been  investigated  to  replace  the  fixed  10-kc  frequency-step  provision 
with  a  methodof  generating  random  frequency  shifts  between  pulses.  Such  a  modification 
is  necessary  in  view  of  the  extremely  crowded  condition  of  the  hf  band.  It  is  expected 
that  a  means  of  shifting  among  randomly  selected  frequencies  over  a  wide  range  will 
greatly  reduce  the  effects  of  interference  on  Madre’s  efficiency.  Random  frequency 
stepping,  of  course,  will  enhance  the  system’s  performance  against  countermeasures. 

A  system  utilizing  random  frequency  shifts  is  presently  in  the  initial  stages  of  development. 
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APPENDIX  A 

DISCUSSION  OF  FREQUENCY  STEPPING 


Consider  a  transmitted  signal  consisting  of  a  pair  oi  sidebands  separated  in  fre-' 
quency  from  a  suppressed  carrier  by  and  filtered  to  possess  the  spectral  structure 
indicated  below : 


_ 1 

^  1 

cc 

c 

a 

c 

“e““k 

-a^-s 

^  y 

i  y 

f  '  '  ' 

^'c  +  “k  2s 
+  a^  +s 

”  2s 


a  +  a, 


s  represents  the  angular  equivalent  of  the  PRR.  If  each  sideband  is  itself  a  single - 
sideband-type  signal,  as  shown,  the  redundancy  inherent  in  the  transmission  of  two  double¬ 
sideband  signals  will  be  avoided.  The  total  transmitted  signal  may  then  be  expressed  as 


I 


i 

Aj  cos(a;^  +  is  +  a^)t  Aj  005(0;^.  -  is  -  a^)t, 


Where  i,  running  from  o  to  j ,  indicates  the  harmonics  engendered  in  the  pulsing  process. 


After  reflection  from  an  approaching  target  moving  with  velocity  v,  the  (now  doppler- 
shifted)  signal  received  is 


L 


BjAj  cos 


o-c  +  is  +  ^  +  is  +  o^) 


.  2v  ,  . 

‘"c  ■  ~  “k  ^  -  IS  -  a^) 


Each  of  the  two  signals  is  processed  in  a  separate  receiver  channel,  and  through  appro¬ 
priate  i-f  action  may  be  removed  from  the  upper  sideband  and  may  be 

removed  from  the  lower  sideband,  leaving 


2^  BjAi  cos  l^is  +  ^  +  is  +  a^)jt 


♦  "is  +  ^  ("c  ■  i»  ■  “k)]t- 
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The  frequency  components  due  to  the  pulsing  operation  may  be  removed  by  the  rejection 
filters  mentioned  in  the  Introduction  to  this  report,  and  the  resultant  signal  is 


BjAj  cos  ^  +  is  +  )t 

0 


+  2^  B'A?  cos  ^  -  is  -  a^)t, 

0 

which  may  be  combined  in  a  product  detector  to  yield 

jy  |ci  cos  +  Dj  COS  2  ^  (is  +  a,,)  t  j-, 

•J 

the  second  term  of  which  may  easily  be  eliminated  by  passing  the  signal  through  a  high- 
pass  filter;  the  remainder 

Ceos  2(^o^)t 

is  the  desired  true  function  of  the  doppler  frequency  imposed  upon  the  carrier  at  reflection 
from  the  target. 
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